. Howthe mechanism further, we demonstrate that serotonin is ever, characterization of the 5-HT action has been elutransamidated to small GTPases by transglutaminases sive, and moreover, deaggregation is an integral compoduring activation and aggregation of platelets, rendering nent of the platelet response to ADP (Maayani et al., these GTPases constitutively active. Our data provides 2001b) suggesting a degree of complexity to the overall evidence for a receptor-independent signaling mecharesponse that is not explained by our current knowledge nism, termed herein as "serotonylation," which leads of platelet physiology. to ␣-granule exocytosis from platelets.
. We discovered a second TPH isoform specifically ECs in vitro, raising the question, whether 5-HT could expressed in neurons, and have named this second isobe an effector for vWf secretion, not only from ECs, but form TPH2 and the previously known isoform TPH1 (Walalso from platelets, in primary hemostasis.
ther et al., 2003). Tph1 Ϫ/Ϫ mice contain normal levels of Although platelets only contain 20% of the vWf pres-5-HT in the brain, but are depleted of the monoamine ent in the circulation, they store multimeric forms of vWf in peripheral tissues and fluids (Walther et al., 2003) , that are much larger than those found in plasma (Siess, rendering these animals an excellent model for studies 1989). In ECs, the same larger multimeric forms are on the controversially discussed multiple effects of 5-HT stored in Weibel-Palade bodies. Interestingly, patients outside the central nervous system, especially in priwith von Willebrand disease type IIA who only lack the mary hemostasis. larger multimeric forms but apart from that have normal Here, we show that ␣-granule secretion depends on vWf concentrations in the circulation show a prolonged high cytoplasmic 5-HT and Ca 2ϩ concentrations and that bleeding time (Siess, 1989) , indicating that the larger 5-HT is then transamidated to small GTPases rendering multimeric forms of vWf, stored in platelets and ECs, these GTPases constitutively active. Thus, we have are predominantly active in primary hemostasis, espeidentified a receptor-independent intracellular signaling cially at high-shear stress rates (Schoenwaelder et as evaluated by electron microscopy, and they are able Moreover, tissue TG has also been detected in platelets to take up 5-HT by SERT and to pack it into dense (Puszkin and Raghumaran, 1985) . TGs constitute a sugranules by VMAT2 by a G␣q-modulated mechanism perfamily of enzymes that catalyze the Ca 2ϩ -dependent (Hö ltje et al., 2003). Therefore, we could detect no storcrosslinking of proteins via the ␥-carboximide group age pool deficiency (SPD) in Tph1 Ϫ/Ϫ mice. However, the of glutamine residues and the ⑀-amino group of lysine consequence of platelets lacking only 5-HT is a major residues but are also able to covalently link simple pribleeding diathesis leading to a four times prolonged mary amines, such as 5-HT, to glutamine residues (Dale bleeding time of experimentally severed tail tips, as et al., 2002). TGs are not only implicated in the crosslinkcompared to control animals ( Figure 1A ). This phenotype ing of fibrin and extracellular matrix proteins (Greenberg was completely reversed by application of 5-HT 15 min et al., 1991; Citron et al., 2000), but also in synapse prior to severing the tail tips ( Figure 1B ). Conversely, a stabilization (Citron et al., 2000) and apoptosis (Melino similar phenotype and its rescue have been described et al., 1994). Moreover, Bordetella dermonecrotic toxin for beige mice, which are a model for the mostly lethal (DNT) has been identified as a TG and E. coli cytotoxic human Chediak-Higashi syndrome (CHS) defined by a necrotizing factors (CNF) as deamidases that transamiprominent SPD (Holland, 1976 Figure 1C ). Our data and the bleeding Interestingly, RhoA, Rac1, Cdc42, Rab4, and other small GTPases are directly involved in signaling during time reversal by 5-HT application alone in the CHS model (Figure 2B) . Moreover, the prolonged bleeding time in Tph1 Ϫ/Ϫ mice was rescued by infusion of commercial preparations of vWf (Figure 2A) . Interestingly, injection of higher doses of vWf did not completely normalize the prolonged bleeding time of Tph1 Ϫ/Ϫ mice, indicating that the remaining prolonged bleeding time was either due to the absence of 5-HT or due to the difference in the multimeric forms of vWf found in plasma and platelets. Although the latter explanation is supported by the finding that patients with von Willebrand disease type IIA who lack the larger multimeric forms but have normal vWf concentrations in the circulation show a prolonged bleeding time (Siess, 1989) , but this explanation is contradictory to the fact that infusion of high doses of commercial plasma-derived vWf can . This mechanism assigns a central role to TGs during thrombus instability and detachment has been demonphysiologic processes that depend on active monostrated (Ni et al., 2000) . amine transport into target cells. Our data show that Tph1 Ϫ/Ϫ animals are less prone Thus, our data provide evidence for a receptor-indeto succumb from vessel occlusion in thromboembolism pendent signaling pathway for 5-HT that we named "seroand thrombosis due to the described thrombus instabiltonylation," which leads to ␣-granule exocytosis from ity (Figure 3) . From a clinical point of view, this beneficial platelets. Since TGs also accept other biogenic monoeffect renders a therapeutic 5-HT reduction useful, even amines, such as histamine and catecholamines as subtaking into account the observed prolonged bleeding strates, and even synthetic monoamines, such as MDC as a side effect of 5-HT-absence. These findings might (Figure 6 ), it can be expected that histaminylation and open new avenues to ameliorate vascular disease and catecholaminylation could be involved in analogous sigits complications in thrombotic diseases by specific inhibition of TPH1 thereby impeding peripheral 5-HT synthenaling mechanisms, and therefore "monoaminylation"
should be the most suitable term for all of these proaminylation of small GTPases remain. For instance, it cesses. Interestingly, monoaminylation leads to active will be important to learn how cells handle constitutively GTPases even in the GDP bound form, uncoupling nuactive GTPases to avoid constant signaling through their cleotide binding and hydrolysis from their activity in sigdownstream effectors (Doye et al., 2002) . Now that we naling ( Figure 6F ). It will be of major importance to elucirecognize the importance of the TG/monoamine-dependate not only the stability of the monoaminylated dent activation of small GTPases, it is a matter of time GTPases in the GTP-and GDP bound forms but also before we explore the full extent of the biological implithe dissociation rates of the nucleotides in follow-up cations of this finding. studies.
Experimental Procedures
Our data helps to understand numerous pathophysiological effects, such as the surprising mitogenic effect of guing questions about the control of TG-dependent mono-
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